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Abstract. We report on the strategy used to optimize the sensitivity of our search for a neutron electric dipole
moment at the Paul Scherrer Institute. Measurements were made upon ultracold neutrons stored within a single
chamber at the heart of our apparatus. A mercury cohabiting magnetometer together with an array of cesium
magnetometers were used to monitor the magnetic field, which was controlled and shaped by a series of preci-
sion field coils. In addition to details of the setup itself, we describe the chosen path to realize an appropriate
balance between achieving the highest statistical sensitivity alongside the necessary control on systematic ef-
fects. The resulting irreducible sensitivity is better than 1×10−26ecm. This contribution summarizes in a single
coherent picture the results of the most recent publications of the collaboration.
1 Introduction
Establishing an appropriate strategy for taking data in a
neutron electric dipole moment (nEDM) measurement re-
quires facing two challenges: accumulating the statistics
in a very efficient way (such experiments tend to be ulti-
mately limited by statistics) while keeping the systematic
effects under control continuously. This is well illustrated
by the best upper limit to date [1]:
dn = (−0.21 ± 1.53 (stat) ± 0.99 (syst)) × 10−26 ecm, (1)
where the contributions from systematic effects are clearly
non-negligible. To overcome these difficulties we have
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combined a number of offline measurements with an op-
timized data-taking sequence in which a large number of
parameters were changed in a systematic manner. This
strategy has enabled us to control systematic effects to an
unprecedented level, in particular with respect to the in-
homogeneities of the magnetic field, and it thus paves the
way towards the new generation of experiments currently
being established [2–6].
2 The Ramsey spectrometer at the Paul
Scherrer Institute
The largely refitted and upgraded nEDM spectrometer in-
stalled at the Paul Scherrer Institute (PSI) from 2009 to
2017 was in part originally operated at the Institut Laue-
Langevin (ILL) from 1996 onwards, during which time it
successfully pushed down the upper limit on the neutron
electric dipole moment [7, 8]; indeed, some components
– in particular, the magnetic shields – had also been used
in a previous world-limit measurement [9]. The current
nEDM upper limit [1] is based on a reanalysis of the 1998-
2002 dataset from ILL. The spectrometer uses a single
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Figure 1. Sketch of the spectrometer used to search for an
electric-field induced shift in the magnetic resonance frequency
of polarized UCN exposed to an electric field of strength E =
11 kV/cm and a magnetic field of B0 = 1.035 µT.
20 L cylindrical ultracold-neutron (UCN) storage cham-
ber mounted in a four layer mu-metal shield with a quasi-
static shielding factor of up to 10 000. The storage cham-
ber (Ramsey precession cell) installed at PSI consisted
of upper and lower electrodes made of DLC-coated [10]
aluminum plates, a deuterated polystyrene coated Rexo-
lite cylinder [11], and deuterated polyethylene coated op-
tical quartz windows [11]. It was designed to store both
polarized ultracold neutrons and polarized mercury atoms
(199Hg), the latter being used as a cohabiting magnetome-
ter. The two species precessed in a B0 = 1 µT highly ho-
mogeneous vertical magnetic field, and were also exposed
to an E = 11 kV/cm vertical electric field. Both fields
were regularly reversed; a process that took a few minutes
for the electric field and a few hours for the magnetic field.
Figure 1 shows a sketch of the apparatus. The full
dataset consists of more than 50 000 single measurements,
a.k.a. cycles, which were grouped in sets having the same
magnetic-field configuration. Cycles were repeated every
300 s, and each followed the same sequence of events.
UCN from the source [12] were first guided through a
5 T superconducting magnet that fully polarized the neu-
trons by reflecting all spin-up neutrons back towards the
source. Immediately following the superconducting mag-
net an adiabatic fast-passage spin-flipper (referred to as
SF1) was used to choose the initial neutron spin state. The
neutrons were then deflected by a switch into the preces-
sion chamber. After a filling period of 28 s, the entrance
door to the storage chamber was closed. That duration was
determined through measurements to optimize the product
Nα20 between the number of neutrons, N, and the square of
the initial polarization α0. During the next 2 s the polarized
mercury atoms were admitted into the precession chamber.
The precession was initiated by two successive 2 s long
pi/2 pulses matching the mercury (∼ 8 Hz) and (approxi-
mately) the neutron (∼ 30 Hz) Larmor frequencies. For
the neutrons this was the first step of Ramsey’s technique
of separated oscillating fields. Both the neutrons and the
mercury atoms then precessed freely for 180 s. The pre-
cession frequency of the mercury atoms was continuously
probed by an ultraviolet light beam traversing the storage
chamber. The neutron precession frequency was measured
by applying at the end of the precession period a second
pi/2 pulse in phase with the first, and measuring the result-
ing distribution of neutrons in each spin state. To that end,
neutrons were guided to the detection system [13] which
simultaneously counted the two spin polarities in each of
two different detectors [14]. Neutrons entering the detec-
tion system had to pass through a magnetization-saturated
polarized iron foil before reaching either of the two detec-
tors (named A and B). This foil reflected spin-up neutrons
with an efficiency of 90(4)%. Each arm of the detector in-
corporated a spin flipper, with a measured flip efficiency
of 97(1)%, above the iron foil. By switching on either
of the two spin flippers (referred to as SF2A/B), the de-
tector in question could be made to count spin-up instead
of spin-down neutrons. This detection system allowed the
interchange of detectors detecting a given spin state. We
used this feature associated with a periodic switching of
the SF1 spin flipper (efficiency 95(3)%) to avoid potential
systematic effects that might arise from an asymmetry in
the detection efficiency.
The high voltage for the electric field was delivered by
a true bipolar 200 kV voltage (HV) supply1, 200 µA, with
a maximum ramp speed of 1 kV/s.
The magnetic field was made uniform through the use
of 36 trim coils, of which 30 were directly wound onto
the aluminum vacuum tank as saddle coils or cylindrical
coils and another six solenoids were wound onto cylinders
(UCN guide, HV feedthrough, and mercury polarization
chamber) that penetrated the mu-metal shield through ver-
tical holes. An array of 16 optically pumped cesium mag-
netometers [15] mounted above and below the electrodes
was used to monitor the magnetic field.
The entire experimental installation was mounted in-
side a thermally insulated cabin, divided into a zone
around the mu-metal shield that was stabilized to better
than 0.1 K (per 24h) and a control room that accommo-
dated all of the electronics and that was stabilized to 1 K
(per 24h). Six large rectangular coils (one pair per spa-
tial direction) were attached to the cabin. Using a set of
30 fluxgates in the vicinity of the mu-metal shield, the
coil currents were actively stabilized [16] to suppress the
environmental magnetic field and to compensate for field
changes due to magnetic activity in the laboratory in par-
ticular to a large superconducting solenoid that was used
for quench tests of superconductor prototypes (see refer-
ences in [6]).
1HCB 40M - 200 000, FuG Elektronik GmbH, https://www.fug-
elektronik.de/en/
3 Data-taking strategy
For the purpose of minimizing unintentional bias during
analysis the vast majority of the data were blinded. Af-
ter an initial period of one month in 2015 taking non-
blinded data and testing the blinding algorithm, described
in more detail in Ref. [17], an unknown, artificial neutron
EDM value (randomly generated during compilation of
the code) was injected by marginally changing the count-
ing statistics of the detectors A and B. The original data
were encrypted and saved on a password protected server,
while the two analysis groups obtained sets of data to
which in a first step a common offset and in a second step a
group-specific offset was applied. This guaranteed that the
central values differed between the two groups, and then
allowed for a relative unblinding by removal of the second
individual blinding offsets so that the results of the two
groups could be compared while still preserving the com-
mon offset. Once both groups have finished their analyses
and it has been established that their results agree after
removal of the secondary blinding, both groups’ analyses
will be run on the original unblinded data in order to pro-
vide the final result.
3.1 The crossing-point analysis
In an apparatus with a single storage chamber, the neu-
tron electric dipole moment is measured by searching for
a change in the neutron precession frequency fn due to a
reversal in the relative directions of electric and magnetic
fields from parallel to antiparallel:
dn = h
fn,↑↓ − fn,↑↑
4E
. (2)
The mercury co-magnetometer is, in this geometry, pri-
marily used to compensate for the unavoidable fluctuations
of the magnetic field which would otherwise be the main
limiting factor for the sensitivity. One can form a quantity
R sensitive to such relative changes in frequency that, to
first order, does not depend upon the magnetic field:
R = fn
fHg
=
∣∣∣∣∣∣ γnγHg
∣∣∣∣∣∣ (1 + δgrav + δT + δnEDM + δother) . (3)
It is clear from this expression that the ratio of the neu-
tron precession frequency fn to the mercury precession fre-
quency fHg is not precisely equal to the ratio of gyromag-
netic ratios γ. The correction factors are listed in decreas-
ing order. The first and largest correction, the gravitational
shift, is due to the difference between the center of mass of
the (thermal) mercury atoms, located at the center of the
precession chamber, and that of the (ultracold) neutrons
〈z〉, which is a little lower:
δgrav = ±
Ggrav〈z〉
|B0| , (4)
where the ± sign refers to the direction of the mag-
netic field. Its amplitude depends on Ggrav, the effec-
tive vertical gradient of the magnetic field. To first order
Ggrav ≈ ∂Bz/∂z but, as discussed in Ref. [18], higher
order terms cannot be neglected. The second correction
term δT depends on the residual transverse component BT
of the magnetic field. It arises due to the different behav-
ior of neutrons and mercury atoms which is adiabatic for
neutrons and non-adiabatic for mercury atoms within the
magnetic field:
δT =
〈B2T〉
2B20
. (5)
The last term, δother, includes smaller corrections such as
the rotation of the Earth and the frequency shift inherent to
the use of light to probe the mercury precession frequency.
It is now well known that the mercury co-
magnetometer is subject to an electric-field-dependent fre-
quency shift arising from a combined effect of magnetic-
field inhomogeneities and of the motional magnetic field
Bm = E × v/c2 [19]. This shift represents the main sys-
tematic effect of this experiment. It can be exactly calcu-
lated in the non-adiabatic regime, where the Larmor fre-
quency is much slower than the wall collision rate, as is
the case for mercury atoms, provided that the inhomo-
geneities of the magnetic field are known [20]. When cor-
recting the time variations of the magnetic field using the
mercury co-magnetometer, this E-dependent mercury fre-
quency shift introduces a false neutron-EDM-mimicking
signal of dfalsen←Hg =
∣∣∣∣ γnγHg ∣∣∣∣ dfalseHg . As an example, the false
neutron EDM owing to a shift of the mercury precession
frequency is calculated up to cubic order for a cylindrical
precession chamber of height H and diameter D [18]. In-
terestingly, this exact calculation can be divided into one
term linear in Ggrav and a higher-order term (see [18] for
the exact definition of the cubic term G3,0):
dmeasn = d
true
n +
~
∣∣∣γnγHg∣∣∣
32c2
D2
[
Ggrav +G3,0
(
D2
16
+
H2
10
)]
.
(6)
By taking advantage of the fact that equations (3) and
(6) show both a linear dependence upon the same gradi-
ent Ggrav, one can measure the neutron EDM by setting
different values for Ggrav and obtaining a curve of dmeasn
versus R. Provided that all of the correction factors (G3,0,
δT, δother) are compensated for, the point where Ggrav = 0
and thus dmeasn = d
true
n lies at the crossing point of the two
curves dmeasn versus R for the two B0 directions. Note that
δgrav depends on the sign of B0. This strategy is a revised
and extended version of the one pioneered in Ref. [7].
There are two reasons why the correction using the so-
called crossing point could be more complicated than the
simple linear extrapolation described above. On the one
hand, local magnetic dipoles create a false EDM larger
than the one predicted by equation (6) [20, 21]. On the
other hand, the gravitationally induced vertical striation
of ultracold neutrons [22, 23] in combination with a ver-
tical magnetic-field gradient induces a nonlinear depen-
dence between R and Ggrav which can shift the crossing
point away from the point where dmeasn = d
true
n . Indeed,
this effect triggered the reanalysis of the best limit to date
[1]. Furthermore, this effect depolarizes neutrons and thus
has a direct impact upon the achievable sensitivity, as dis-
cussed in section 4.
A well optimized data-taking sequence combined with
the fine tuning of adjustable parameters and comple-
mented by a series of auxiliary measurements has permit-
ted us to keep these two effects as well as the other correc-
tion factors in equations (3) and (6) sufficiently well under
control to achieve the world’s highest sensitivity nEDM
search to date.
3.2 Auxiliary measurements
Magnetic field maps
In addition to the very accurate measurement by the mer-
cury magnetometer of the average magnetic field within
the storage volume, additional information about the pro-
file of the magnetic field, such as ∂Bz/∂z, was provided
by the cesium-magnetometer array. In order to access
higher order inhomogeneities in the magnetic field, of-
fline field maps were generated using three-axis fluxgate
magnetometers mounted on an automated non-magnetic
rotational/translational support [24]. Maps of all of the
36 magnetic fields generated by trim coils, in addition to
numerous maps of the field of the main coil (for repro-
ducibility studies), were recorded over periods of several
weeks. Each single field-map measurement typically took
about five hours. These studies required the dismount-
ing of the precession chamber, the mercury polarization
chamber, and a large part of the vacuum system. We con-
ducted three such campaigns in 2013, in 2014 before start-
ing nEDM data taking, and in 2017 after the end of data
taking, always during the annual maintenance period of
the proton accelerator. In total we took about 300 maps,
including the 105 maps used for reproducibility studies as
summarized in Fig. 2.
The first two field-mapping campaigns were used to
study the long-term stability and reproducibility of the
field maps, and also to inform the tuning of the spectrome-
ter for data taking. The field maps taken in 2014 and 2017
were used to infer the fields generated by each coil dur-
ing data collection. Additionally, in 2017, we took a map
of each magnetic-field configuration that had been used
during data taking. In the analysis we use these maps to
extract higher order inhomogeneities in the magnetic field
such as the transverse component of equation (5) and the
cubic term in equation (6). For the G3,0 cubic term, the
limiting factor is the reproducibility of the field, which
was found to be better than 0.008 pT/cm3 over five years.
The knowledge of the transverse component BT is simi-
larly limited by the reproducibility at the level of 0.4 nT2.
Magnetic scans of experimental components
We pursued a similar strategy to constrain the presence
of local dipoles. All components close to the precession
chamber were scanned in the large magnetically shielded
room BMSR-2 [25] at PTB-Berlin using a SQUID mag-
netometer. These items ranged in size from the large elec-
trodes of diameter 47 cm to millimeter sized screws and
bolts. We scanned each item twice: once before data-
taking to ensure that there was no significant magnetic
contamination at the start, and once after data-taking to en-
sure that no magnetic contamination had been introduced
in the interim. As a result we produced a catalog of upper
limits of all dipoles found with their strength and location.
3.3 Ramp-up activities
In each of the years 2015, 2016 and 2017, data-taking
started with a few days dedicated to the test and characteri-
zation of the spectrometer. It included the measurement of
the efficiency of the spin flippers, the optimization of the
filling time and of the switch settings, and the measure-
ment of the background in the ultracold neutron detectors.
In addition, the quality of the inner surface of the preces-
sion chamber was tracked via measurements of the storage
times T0, f and T0,s for the fast and slow component respec-
tively and of the longitudinal depolarization time T1. Ta-
ble 1 shows the evolution of those time constants. One can
notice the improvement in T0,s in particular between 2015
and 2016, which is a consequence of the O2 discharge
cleaning procedures that we carried out and the improving
vacuum conditions over this period. Indeed, the nEDM
spectrometer was kept closed continuously throughout the
2015-2016 period. The deterioration in the 2017 value is
explained by the necessity to reopen the system in early
2017 to perform auxiliary measurements.
Table 1. Summary of characteristic time constant during the
data taking at PSI.
2015 2016 2017
T0, f (s) 75(11) 72(2) 40(4)
T0,s (s) 271(16) 320(7) 252(4)
T1 (s) 6000(1300) 4200(200) 5700(500)
Finally, the annual start-up procedure also included a
spin-echo study. As described in [23], the spin-echo tech-
nique can be used to measure the spectrum of the ultra-
cold neutrons by applying relatively large vertical mag-
netic gradients within the range ±50 pT/cm.
3.4 nEDM sequence
During the 253 days of data taking, the magnetic field was
changed 19 times. The proton accelerator maintenance pe-
riod (three days without protons every four weeks) defined
a natural time scale to record a full set of measurements
with a given magnetic-field configuration. In order to es-
tablish a new magnetic configuration the main coil was
first of all powered appropriately for the given direction of
the magnetic field, and the shield was idealized (i.e. de-
gaussed with the magnetic field on; also known as equi-
libration). After waiting for at least 30 minutes for fur-
ther relaxation of the mu-metal shield, the magnetic field
was stable and was characterized in-situ using the cesium
magnetometer array by applying a well known, oscillat-
ing transverse field. In this way scalar magnetometers be-
come sensitive to transverse components of the magnetic
field. In particular, we were able to measure the depo-
larizing gradients such as ∂Bz/∂x, y [18]. An algorithm
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Figure 2. Reproducibility study on the extraction of the G3,0 cubic term over four years. This study was done for the main coil creating
a magnetic field pointing upwards (downwards) as shown in red (blue). Green shows the G3,0 cubic terms from maps without any
current in the main coil.
minimizing these depolarizing gradients was then used to
determine the currents to be applied in each of the 36 trim
coils. This algorithm made use of the field maps to choose
a set of currents so that BT and G3,0 were sufficiently small
and fulfilled the requirements set by the associated sys-
tematic effects. As discussed in more detail in Ref. [15],
this algorithm led to an increase in decoherence time of
the transverse UCN polarization to T2 = 2500 s, and thus
contributed to an increase of the statistical sensitivity.
The last steps in initiating a new magnetic field config-
uration were to calibrate the cesium magnetometers and to
perform a spin-echo run. The spin-echo runs assisted us
in disentangling the depolarization processes, as discussed
in Ref. [18], and also validated the magnetic field estab-
lished by the optimization algorithm by directly measur-
ing the obtainable visibility without interference from the
vertical-striation effects.
Once a magnetic-field configuration had been set, we
applied various small defined vertical gradients in the
range of ±25 pT/cm by using a pair of calibrated trim coils.
For each configuration we took data at five different nom-
inal gradients: ±25 pT/cm, ±12 pT/cm and < |5| pT/cm.
These five gradients were required to perform the cross-
ing point analysis introduced in section 3.1. The range
was chosen to balance two contradictory requirements: it
had to be large enough such that the curve dmeasn versus
R showed a non-zero slope, and it had to be small enough
such that the nonlinearity due to the vertical striation of ul-
tracold neutrons under gravity could be corrected without
significant sensitivity loss. In practice the gradient change
was applied during the daily maintenance of the ultracold
neutron source [26]. The schedule of this maintenance was
optimized so as to increase the total number of neutrons
available for the nEDM apparatus.
We define a data-set to be the collection of measure-
ments with the same magnetic-field configuration and the
same applied vertical gradient. Within a data-set the elec-
tric field was reversed periodically, with an optimized re-
versal frequency for maximum sensitivity. For our single
chamber apparatus, and because we were using a mercury
co-magnetometer, this frequency depended on the time
stability of the vertical gradient. Indeed, fluctuations of
the vertical gradient induced fluctuations of the ratioR (via
δgrav in equation (3)), with the potential to reduce the sen-
sitivity. The long-term fluctuations of the vertical gradient
were studied in 2014 and 2015. One can compute the Al-
lan standard deviation of the vertical gradient gz, which
quantifies the fluctuations of the gradient values averaged
over τ:
σAllangz (τ) =
1√
2
√〈
(gz(t) − gz(t + τ))2
〉
. (7)
Figure 3 illustrates the status of the nEDM apparatus in
early 2015 by comparing the Allan standard deviation of
the vertical gradient to the statistical sensitivity of the mea-
surement of the neutron precession frequency.
We established in this way that a reversal frequency of
48 cycles for the electric field guarantees that the loss in
sensitivity due to fluctuations of the vertical gradient will
be at most a few percent. The HV reversal pattern was
defined as: (+ 0 - - 0 + ): 24+8+24+24+8+24=112 cycles.
All runs started with 4 cycles at UHV = 0 to initialize the
online blinding of the data. The offline algorithm takes
advantage of all UHV = 0 cycles, to determine the central
frequency of the Ramsey fringe. Furthermore, the (+ - -
+) sequencing reduces the impact of a drift of the vertical
gradient.
Figure 4 summarizes the sequence for the nEDM data
taking. The spin flipper 2 A (B) was switched ON/OFF
(OFF/ON) every 4 cycles. The high voltage was reversed
every 48 cycles, and eight cycles were recorded at zero
voltage at each reversal. Hence, a full high-voltage pat-
tern lasted for 112 cycles, a duration shorter than half a
day which avoided a bias due to possible fluctuations of
hidden parameters with a daily periodicity. Once a full
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Figure 3. From Ref. [27]. The filled circles represent the Allan
standard deviation of the vertical gradient for a 2.5 day long data-
set. The blue line is the statistical sensitivity of the neutron pre-
cession frequency expressed in equivalent gradient fluctuations.
The green vertical line shows the duration of 48 cycles (4 hours),
where the fluctuation of the gradient contributes to the uncer-
tainty at the level of a few percent of the statistical sensitivity of
the neutron precession frequency.
high-voltage pattern was complete, the state of SF1 was
reversed.
4 Sensitivity
The ultimate limiting factor for the precision measurement
of the neutron EDM is the accuracy with which the preces-
sion frequency of the neutron can be determined. Hence,
the irreducible error on the neutron EDM is given by
σ(dmeasn ) =
~
2αTE
√
N
√
Ncycles
, (8)
where α = α0 exp (−T/T2) is the neutron polarization at
the end of the precession time T , N = N0 exp (−T/T0) is
the number of neutrons per cycle counted at the end of the
precession time, and Ncycles is the number of cycles. Ta-
ble 2 summarizes the average values of the key parameters
during data-taking at PSI, and emphasizes the improve-
ments with respect to the previous data taking at ILL be-
fore 2006. The increase in α from α(T = 130) = 0.58 to
α(T = 180) = 0.75 is mainly due to the reduction in depo-
larization processes discussed above. The largest limiting
factor is the combined effect of the analyzing power of the
spectrometer, characterized as α(T = 0) = 0.86, and the
detection efficiency. Due to the remaining magnetic-field
inhomogeneities after the optimization algorithm, the po-
larization after 180 s was reduced to α(T = 180) = 0.80.
The most important remaining contribution to this depo-
larization arose from the vertical striation of ultracold neu-
trons under gravity, with the extent of depolarization ob-
served depending upon the vertical gradient that was ap-
plied in conjunction with the optimized magnetic field.
By reducing the range of vertical gradients applied dur-
ing data taking, the impact of this depolarizing process
resulted in 0.71 < α(T = 180) < 0.80, with an average
α(T = 180) = 0.75.
The apparatus was run for two years at E =
±132/12 kV/cm without any substantive problems, with a
helium atmosphere at pHe ≈ 0.5×10−3 mbar. The limiting
factor for the magnitude of the electric field was the pres-
ence of the cesium-magnetometer array, which required
optical fibers connecting to ground at one end and close
to the high-voltage electrode at the other. Without the
cesium array the apparatus was successfully operated at
E = 15 kV/cm. The improvement over time in the num-
ber of ultracold neutrons counted at the end of the pre-
cession period was mainly due to the PSI source output,
which continuously increased over the years, together with
an improvement of 18 % of the detector efficiency aris-
ing from the development of our simultaneous spin ana-
lyzer [13].
Table 2. Summary of the average statistical sensitivity achieved
during the nEDM data taking in 2015-2016, and during the
previous data taking at ILL (from [1]).
PSI 2016 ILL 2006
α 0.75 0.58
T (s) 180 130
E (kV/cm) 11 7
N 15’000 14’000
Ncycles (cycles/day) 288 400
σ(dmeasn ) (e.cm per day) 1.1 10
−25 2.6 10−25
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Figure 4. From Ref. [27]. State-machine representation of the nEDM data-taking sequence. The upper panel shows the state of the
spin flippers as a function of the cycle number. In orange, the SF2 state changes every four cycles. In blue, the state of SF1 is seen
changing every 112 cycles. In the lower panel, the HV polarity is shown in green as a function of the cycle number. The light/dark grey
areas each represent a full HV pattern.
5 Conclusion
The data taking at the Paul Scherrer Institute using an
upgraded version of the RAL-Sussex-ILL spectrometer
ended in 2017. During 2015 and 2016 the spectrome-
ter was used exclusively to measure the neutron electric
dipole moment, and the total raw sensitivity achieved was
better than 1×10−26ecm. The unprecedented suppression,
measurement and control of potential systematic effects,
in particular through the precise tuning of the magnetic
field and its incorporation within the data taking strategy,
is the outcome of a decade of research and gives great con-
fidence in the emerging nEDM results.
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